The cell cycle-dependent, ordered assembly of protein prereplicative complexes suggests that eukaryotic replication origins determine when genomic replication initiates. By comparison, the factors that determine where replication initiates relative to the sites of prereplicative complex formation are not known. In the human globin gene locus previous work showed that replication initiates at a single site 5′ to the β-globin gene when protein synthesis is inhibited by emetine. The present study has examined the pattern of initiation around the genetically defined β-globin replicator in logarithmically growing HeLa cells, using two PCR-based nascent strand assays. In contrast to the pattern of initiation detected in emetine-treated cells, analysis of the short nascent strands at five positions spanning a 40 kb globin gene region shows that replication initiates at more than one site in non-drug-treated cells. Quantitation of nascent DNA chains confirmed that replication begins at several locations in this domain, including one near the initiation region (IR) identified in emetine-treated cells. However, the abundance of short nascent strands at another initiation site ∼20 kb upstream is ∼4-fold as great as that at the IR. The latter site abuts an early S phase replicating fragment previously defined at low resolution in logarithmically dividing cells.
INTRODUCTION
The human β-globin gene locus occupies >60 kb on chromosome 11 and comprises six linked genes (ε, γ G , γ A , ψβ, δ and β) arranged 5′→3′ in the order of their expression during development (1) . Southern hybridization analysis of 5′-bromodeoxyuridine (BrdUrd)-labeled nascent DNA from unsynchronized cells elutriated to enrich for cells in specific intervals of S phase showed that the β-globin gene locus replicates in the first half of S phase in erythroid cells and in late S phase in nonerythroid cells (2) (3) (4) . When the amounts of globin EcoRI fragments were compared in cells early in S phase two early replicating fragments, one overlapping the γ A -globin gene (near map unit 41) and another ∼20 kb downstream of the β-globin gene (near map unit 80), were significantly enriched relative to the surrounding sequences, suggesting that these early replicating fragments might contain initiation sites of DNA replication (3) .
The same two sites were not revealed as origins when the polarity of leading strand synthesis in the β-globin gene locus was tested in cells treated with emetine (5), a protein synthesis poison that inhibits lagging strand DNA synthesis by an unknown mechanism (6) . In emetine-treated K562, HL60 and HeLa cells a single leading strand template switch was observed in the 2 kb area 5′ to the β-globin gene. From these data it was concluded that a single initiation region (IR) for bidirectional replication is present in the globin gene locus, between the δ-and β-globin genes (5) . Consistent with this interpretation, in hemoglobin Lepore cells characterized by a naturally occurring 8 kb deletion between the δ-and β-globin genes, the leading strand template switch was not observed, suggesting that the Lepore deletion includes the IR (5) . In contrast, in somatic cell hybrids containing one copy of human chromosome 11 in a murine genetic background, PCR using oligonucleotide primers close to the IR revealed short nascent DNA strands at two or more sites flanking the IR (7) . When an 8 kb fragment containing the human β-globin IR was targeted to an ectopic chromosomal location in monkey cells, origin activity was retained and short nascent DNA strands were detected at five positions within and flanking the IR (8) .
Unwinding is a critical step in preparing the DNA template to initiate replication (9) (10) (11) and it has been shown that the unwound structure of the DNA substrate can be altered dramatically when DNA polymerase activity is chemically inhibited (12) . Therefore, it remains to be determined whether multiple nascent DNA start sites exist distal to the human β-globin IR in logarithmically growing human cells. In the present study PCR was used to measure the length of nascent DNA chains at five sequence tagged sites (STSs) in a 40 kb region of the β-globin gene locus. At each STS short nascent strands were detected, with sizes between 850 and 4000 nt. Two of the STSs, near map units 40.9 and 62, were closest to initiation sites as these STSs could be amplified in nascent DNA as small as 850 nt. To confirm these findings we measured the abundance of short nascent strands (1-2 kb) at five sites by competitive PCR. The abundance of the nascent strands was consistent with the presence of multiple initiation sites in the β-globin gene locus. The highest abundance of short nascent strands was seen at STS 40.9, where nascent strands were approximately four times as abundant as at the downstream STS 72. These data suggest that there are multiple sites for replication initiation in *To whom correspondence should be addressed. Tel: +1 937 775 3125; Fax: +1 937 775 3730; Email: michael.leffak@wright.edu the human β-globin gene locus and that these sites may be used with different frequencies.
MATERIALS AND METHODS

Cell culture, BrdUrd labeling and DNA isolation
HeLa cells were grown in suspension in RPMI-1640 (Gibco BRL) supplemented with 10% newborn calf serum. Exponentially growing cells (10 5 -10 6 cells/ml) were pulse labeled with 30 µM BrdUrd in RPMI without serum for 15 min with constant agitation at 37°C. All subsequent steps were done in the dark or under yellow light. Cells were pelleted and washed twice with ice-cold phosphate-buffered saline (PBS). Five milliliters of lysis buffer (10 mM EDTA, 50 mM Tris-HCl, pH 8.0, 0.5% SDS) was added to each pellet and mixed by gentle inversion. RNase A was added to a final concentration of 50 µg/ml and the mixture was incubated for 30 min at 37°C. Proteinase K (Gibco BRL) was added to a final concentration of 800 µg/ml and samples were incubated at 37°C overnight. The samples were dialyzed against TE (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and concentrated by extraction with sec-butanol. The DNA was extracted with diethyl ether, which was removed by heating at 65°C.
Purification of nascent DNA
DNA was denatured by adding 10 N NaOH to a final concentration of 0.2 N and incubated for 20 min at room temperature. An aliquot of 1.2-1.5 ml of denatured DNA was added to 10 ml of saturated alkaline CsCl solution in 50 mM NaOH, 3 mM EDTA [refractive index (RI) = 1.42] and the RI was adjusted to 1.4095 (density 1.81 g/ml) with the same buffer. Gradients were centrifuged in a Beckman Ti75 rotor at 35 000 r.p.m. for 72 h at 25°C. Gradients were fractionated from the bottom into 400 µl fractions. A 20 µl aliquot was taken from every other fraction and the RI was measured. Fractions of density 1.82-1.85 g/ml (RI 1.4105-1.413) were pooled and the RI was adjusted to 1.4095 with an alkaline CsCl solution of RI 1.406. Gradients were recentrifuged under the same conditions and fractionated from below. Nascent DNA was defined as DNA uniformly substituted with BrdUrd (density 1.82-1.85 g/ml). The nascent DNA was precipitated with 3.5 vol of STE (100 mM NaCl, 10 mM Tris-HCl, pH 8.0, 1 mM EDTA) and 4.5 vol of isopropanol.
The purified nascent DNA was size fractionated by alkaline agarose gel electrophoresis. A 1.2% low melting point agarose gel (SeaPlaque GTG agarose in H 2 O) was soaked overnight at 4°C in 50 mM NaOH, 1 mM EDTA running buffer. Nascent DNA samples were loaded in parallel with DNA size standards and run for 17-24 h at 4°C and 35 V. The gel was neutralized with 1× TBE (89 mM Tris base, 89 mM boric acid, 2 mM EDTA, pH 8.0). The marker lanes were cut out and visualized by ethidium bromide (EtBr) staining. The nascent DNA lane was cut into size fractions according to the DNA standard. The gel slices were melted and 10 µl was directly used in PCR.
Alternatively, nascent DNA was prepared according to the method of Kumar et al. (13) , modified here to eliminate handling of the nascent DNA. Twenty-four hours after seeding ∼7.5 × 10 7 cells were washed twice in ice-cold PBS. The resulting cell pellet was resuspended in 240 µl of ice-cold PBS with 10% glycerol and kept on ice. Seventy microliters of cell suspension was loaded into one well of a 1.25% alkaline agarose gel prechilled to 4°C. Cells were lysed in the well for 10 min before the size standards were loaded and the current applied. The gel was run for 12 h at 40 V and neutralized in 1× TAE before staining in 1× TAE with 0.5 µg/ml EtBr. The DNA was size fractionated and eluted from the gel slices using Qiagen gel extraction columns. The nascent strand abundance values from nascent DNA prepared by BrdUrd substitution (two independent preparations) were within 10-20% of the values obtained using nascent DNA prepared by alkaline cell lysis (three independent preparations).
PCR mapping
Six primer pairs were designed to amplify STSs in the β-globin gene domain. The nucleotide positions and sequences of each primer pair and its internal probe are given in Table 1 . The nucleotide positions and map are derived from the 73 308 bp HUMHBB sequence in GenBank (GI 455025). In some of the PCR amplifications shown in Figure 1 primers complementary to STS A, located in the human c-myc origin (14) , were mixed with the globin locus primers in multiplex reactions. PCR amplifications were set up in a final volume of 50 µl containing 10 mM Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl 2 , 1.25 U Taq polymerase (Perkin Elmer), 0.5 µM each upper and lower primers, 0.2 mM each dATP, dTTP, dGTP, dCTP and the template DNA. Each set of reactions included a positive control with total HeLa genomic DNA and a negative control with no template. PCR amplification was carried out in a Perkin Elmer 2400 thermal cycler for 25-27 cycles with a basic cycle profile of denaturation at 94°C for 30 s, annealing at 50°C for 30 s and extension at 72°C for 30 s, followed by a final extension at 72°C for 5 min. PCR conditions for each primer set were optimized. Products were run on 2% agarose gels and visualized by EtBr staining. Capillary blotting to nylon membranes (Hybond N + ; Amersham) was done under standard conditions (15) . Membranes were washed in 2× SSC (300 mM NaCl, 30 mM sodium citrate, pH 7), air dried and UV cross-linked (Stratalinker; Stratagene) to immobilize the DNA. Oligonucleotide probes were 5′-end-labeled with T4 polynucleotide kinase (Gibco BRL) and [γ-32 P]ATP (6000 Ci/mmol; NEN). Labeled oligonucleotides were separated from unincorporated radioactivity using G25 Sephadex columns. Membranes were pre-hybridized at 42°C for 2 h in 1 M NaCl, 50 mM Tris-HCl, pH 7.5, 1% SDS and 0.4 mg/ml denatured salmon sperm DNA. Membranes were hybridized in the same buffer with labeled probe at 42°C for 2 h (14), washed twice for 15 min in 2× SSC, 1% SDS at 42°C and once for 60 min at 50°C in the same solution and exposed to Kodak XR-5 film at -80°C with intensifying screens for 18-24 h. For each primer set PCRs were repeated twice on at least two independent nascent DNA preparations with comparable results.
Competitive PCR
For each primer set a mutagenic oligonucleotide was made with a 20-30 base internal deletion compared to its wild-type counterpart (Table 1 ). This mutagenic primer was used with a wild-type opposite strand primer to construct a competitor product 20-30 bp shorter than the corresponding wild-type product. The competitor DNA was resolved on an 8% polyacrylamide gel and isolated from a gel slice by crushing and soaking in 200 µl of TE (10 mM Tris, 1 mM EDTA) overnight at 37°C, followed by precipitation with ethanol.
The effective concentration of each competitor was determined by titrating a fixed amount (10 ng, 3000 copies) of genomic DNA against a series of dilutions of competitor. All competitors were quantitated against the same preparation of genomic DNA. Genomic and competitor templates were co-amplified using wildtype primers. Competitive PCR was performed for 45 cycles and the products were separated on a polyacrylamide gel in 1× TBE buffer at 150 V for 4 h. Products were visualized by EtBr staining and the intensities of genomic and competitor bands were quantitated with Collage image analysis software (Fotodyne). The logarithm of the ratio of the band intensities of genomic and competitor products was plotted against the logarithm of the competitor copy number added to the reaction (16) . At the interpolated value where the logarithm of the ratio of the band intensities of genomic and competitor products equals 0 the number of competitor copies equals the number of genomic copies added to each reaction. To determine the abundance of nascent strands at specific STSs, a fixed amount of 1-2 kb nascent DNA was amplified in the presence of increasing amounts of competitor and the products were resolved by polyacrylamide gel electrophoresis. Image analysis and calculations of STS abundance were done as for competitor quantitation.
RESULTS
PCR mapping of nascent strands
A modified version of the nascent strand mapping assay developed by Vassilev and Johnson (17, 18) and VirtaPearlman et al. (19) was used to improve the resolution of mapping replication initiation sites in the β-globin gene locus. Asynchronously growing HeLa cells were pulse labeled with BrdUrd to label nascent DNA strands and the population of uniformly BrdUrd-substituted nascent DNA of various lengths was purified from parental DNA chains by two rounds of alkaline CsCl density gradient centrifugation. The nascent DNA was resolved into 0.6-20 kb size fractions by alkaline agarose gel electrophoresis, for use as templates in PCR amplification by primer sets that define STSs across the human β-globin gene locus. Alternatively, nascent DNA was isolated from denatured total cellular DNA (13, (20) (21) (22) , with comparable results. As demonstrated previously, the proximity of an STS to an initiation site is reflected in the length of the shortest nascent DNA containing that STS (13, 14, 18, 20, (22) (23) (24) (25) . Six PCR primer sets (Table 1) were designed to amplify selected STSs spanning a 40 kb region in the globin gene locus as shown in Figure 1A . Each primer set generated a single band corresponding to the size of the selected STS. Under the reaction conditions employed (7, 8, 14, 20, 26, 27) the PCR product signals were approximately proportional to the initial amount of input DNA over the range used in these experiments (Fig. 1B) . Figure 1C shows representative results of PCR amplification of size fractionated nascent DNA. Primer set 40.9 generated a strong signal with all size fractions of nascent DNA, beginning with the smallest (650-850 nt) and including nascent DNA >4-20 kb, suggesting that an initiation site is located close to STS 40.9. Primer set 33.3 amplified its genomic segment primarily in fractions containing nascent DNA of 2-2.5 kb and larger. Assuming bidirectional replication, this result indicates that there is an initiation point within 1250 bases of STS 33.3. If replication is unidirectional, the maximum distance from this segment to the nearest initiation site is ∼2500 bases.
Two primer sets were designed close to one another to check the consistency of the PCR mapping procedure. PCR at STS 54.8 yielded product most prominently in nascent DNA fractions of 3-4 kb and larger. Therefore, an initiation site can be mapped within 1.5-2 kb of STS 54.8. Slightly further downstream STS 55.5 was amplified in nascent DNAs as small as 1.2-2.0 kb, suggesting that an initiation site exists within 1 kb of this STS. Considering the locations of their respective PCR primers, the simplest interpretation of these results is that the pattern of amplification of STSs 54.8 and 55.5 derives from an initiation event near map unit 56.4, although more complex explanations are also possible. STS 62 is located within the previously described globin IR. Amplification of STS 62 sequences was evident in all size fractions of nascent DNA, consistent with the presence of an initiation event near this site. STS 72, which is at the 3′-end of the region examined, was amplified in nascent DNAs of 1.5-2 kb and larger. If these nascent strands are generated by bidirectional replication fork movement, STS 72 is situated within ∼1000 bases of an initiation site.
The distinct patterns of amplification at different globin STSs argue that these results are not due to random degradation of the nascent DNA preparations. To test this further, oligonucleotides complementary to STS A, located in the human c-myc origin of replication (14) , were used in multiplex PCRs to amplify the same nascent DNAs amplified by the STS 54.8 and 55.5 primers. STS A amplification was observed in all size fractions, implying that amplification of STS 54.8 or 55.5 would have been detectable in all size fractions had the nascent DNA been fragmented by random degradation. Under the limited amplification conditions used, the pattern of PCR products was not affected by competition for reaction components during co-amplification of these STSs, as independent amplification of STS A and STS 55.5 from the same nascent DNA preparation yielded results comparable to those obtained by co-amplification (Fig. 1D) . Figure 2 summarizes the results of PCR mapping of nascent strands. The initiation free zone(s) demarcates the largest zone(s) in which replication initiation does not occur and was calculated assuming bidirectional replication and equal fork progression rates. The maximum distance from a given STS to the nearest initiation event is taken to be half the length of the largest nascent DNA strands in the smallest size fraction that can be amplified. Accordingly, an initiation zone can be mapped within 425 bases of STS 40.9 or STS 62, as these sequences were detected in all size fractions beginning with the 650-850 nt fraction. Likewise, STS 33.3 is situated within 1250 bases of an initiation site and another initiation event can be found within 1000 bases of STS 72. An initiation zone can also be deduced within 750 nt of STS 55.5 and within 2 kb of STS 54.8. Taken together these data imply that there are multiple start sites for DNA replication in the β-globin gene locus.
Quantitation of nascent DNA
PCR mapping of nascent DNA strands can indicate the maximum distance from an STS to the nearest initiation site, but does not readily allow comparison of the relative abundance of nascent strands between STSs. To confirm that replication initiates at multiple sites in the β-globin gene locus, competitive PCR was used to measure the abundance of short nascent DNA chains (1-2 kb) at several globin STSs in nascent DNA isolated from logarithmically growing HeLa cells. The 1-2 kb size fraction was used as done previously to avoid interference by Okazaki fragments (20, 22, 25, (28) (29) (30) (31) . Competitors specific for each STS were constructed with wild-type sequences at their termini, but containing a 20-30 bp internal deletion, so that they could be amplified by the same primers used to amplify wild-type genomic DNA. The effective concentration of each competitor template was determined by titration against a fixed amount of HeLa genomic DNA to normalize for differences in amplification activity (25; Fig. 3A and B) . For quantitation of the abundance of short nascent strands at STSs 33.3, 40.9, 55.5, 62 and 72 a constant amount of nascent DNA was amplified with increasing amounts of each STS-specific competitor (Fig. 3C) .
To relate the quantitation of nascent strand abundance from independent nascent DNA preparations, the total amount of nascent DNA per preparation was determined by quantitating the slot blot hybridization of a total genomic DNA probe to an aliquot of each nascent DNA against genomic DNA standards ( Fig. 4A; 20) . A summary of the results of the nascent strand abundance assays is shown in Figure 4B . The abundance of each STS in the 1-2 kb nascent DNA is expressed relative to the background at a site of low initiation activity, STS hyg. STS hyg is in a randomly integrated recombination target site used previously for the analysis of human c-myc origin activity at an ectopic location (20; see Discussion). The data of Figure  4 show that the abundance of nascent strands at STS 33.3, 55.5 or 62 is approximately twice the STS hyg background. However, the highest amount of nascent DNA was detected at STS 40.9, ∼6-fold above the STS hyg background. Thus, the results of both the nascent strand size mapping and competitive PCR abundance assays indicate that there are multiple initiation events within the β-globin gene locus.
DISCUSSION
The size distribution and abundance of nascent DNAs at selected sites across the human β-globin gene locus were examined to determine whether replication initiates at one or more sites in this region in exponentially growing HeLa cells.
Based on the proximity of initiation sites to the STSs analyzed over a region of ∼40 kb, the data suggest that replication initiates at multiple locations in the β-globin gene domain. For example, short nascent strands appear to initiate within 650-850 nt of STS 40.9 and within 2000-2500 nt of STS 33.3. Since these STSs are more than 7 kb apart, these results suggest that independent initiation events are detected by the cognate primers at each site. Similarly, short nascent strands initiate within 650-850 nt of STS 62 and within 2000 nt of STS 55.5. Since these sites are more than 6 kb apart the cognate primers at each site detect nascent DNA from independent initiation events. Because we have not assayed a sufficient number of STSs to saturate the β-globin gene domain, it is possible that additional replication initiation sites exist which were not detected in this study. The logarithm of the signal intensity ratio of genomic to competitor products is plotted against the logarithm of the number of input competitor copies. The quantity of competitor equivalent in amplification efficiency to 3000 copies of genomic DNA corresponded to the value interpolated from the experimental curve when the logarithm of the signal intensity ratio equaled 0. (C) Representative gels of competitive PCR quantitation of short nascent DNA at five STSs. The number of competitor molecules added to each reaction is shown above each lane. The positions of the nascent and competitor PCR products on the gel are indicated. The number of nascent strand copies at each STS was calculated by plotting the logarithm of the signal intensity ratio of the products against the logarithm of the amount of competitor added and is shown below each gel. The coefficient of determination for each data set, r 2 , is also indicated.
The PCR mapping analysis and the nascent strand abundance assay, as well as other assays of replication origin activity (32) , depend on the steady-state level of replicative intermediates. Thus, rapid fork movement or nascent strand maturation in a region of chromatin could decrease the steady-state level of short-lived intermediates at an STS relative to that in a region of slower fork movement. In the nascent strand abundance assay this would lead to an apparent decrease in the frequency of initiation near an STS. Therefore, while the presence of 1-2 kb nascent strands is suggestive of initiation near an STS, a low level of short nascent strands is not proof of the absence of initiation. In the mapping assay underestimation of nascent strand abundance could be interpreted as a greater distance from the STS to an initiation site. Hence, the PCR mapping analysis gives estimates of the maximum distances from an STS to an initiation event.
The competitive PCR nascent strand abundance assay confirmed that short nascent strands were synthesized at multiple sites in the region of the β-globin genes, including STS 33.3, STS 55.5 and the previously identified IR near STS 62 (5). However, the greatest abundance of 1-2 kb nascent strands was detected near STS 40.9, approximately six times the background level detected at STS hyg. STS hyg is within a randomly integrated FLP recombinase target previously used as an acceptor site for insertion of the human c-myc origin (20) . The nascent strand abundance used as background here is of the unoccupied acceptor site. Integration of the c-myc origin DNA at this acceptor site, ∼4 kb from STS hyg, increased the nascent strand abundance at STS hyg ∼2-fold (20) .
Our data agree well with the results of Dhar et al. Subsequent PCR mapping of replication start sites in the human β-globin locus in human-mouse somatic cell hybrids indicated the presence of initiation sites flanking the globin IR (7), although the absence of a PCR signal with primer sets STS 33.3, STS 45.8 and STS 72 led to the conclusion that initiation did not occur distal to STS 62. However, when an 8 kb DNA fragment containing the globin IR was transposed to an ectopic site in the simian genome independent initiations were detected inside and from 1-3 kb outside the IR (8) . In contrast, the overall polarity of leading strand synthesis in K562 and HeLa cells treated with emetine (and fluorodeoxyuridine) suggests that opposite template strands are used for leading strand synthesis beginning at a single IR between the δ-and β-globin genes (5) . Because the observed pattern of template biases was not that expected for the extension of DNA strands from a single initiation site, it is possible that additional initiations occur in the globin domain. Alternatively, drug treatment to inhibit lagging strand DNA synthesis may selectively suppress some initiations.
Depending on the origin, replication initiation in metazoan cells appears to occur in a narrow region or over a dispersed zone (14, 21, 25, 26, 29, 31, (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) . In this regard, the human β-globin gene locus resembles the human c-myc locus in that multiple, non-random initiation sites may be used at different frequencies over a large domain (14, 20, 21, 26) . Models that accommodate these observations involve nucleation from a replicator element of a chromatin structure permissive for initiation at underlying preferred sites (26, 45) . Further investigation using chromosomally integrated origin constructs (8, 20) may reveal the role of DNA sequence (8) , replication protein binding (46) and other epigenetic factors (47) (48) (49) (50) (51) in determining the breadth of metazoan replication initiation domains.
